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The  electrode  manufacturing  for  lithium-ion  batteries  is  based  on  a  complex  process  chain  with  several 
influencing  factors.  A  proper  tailoring  of  the  electrodes  can  greatly  improve  both  the  electrochemical 
performances  and  the  energy  density  of  the  battery.  In  the  present  work,  some  significant  parameters 
during  the  preparation  of  LiNi0.8Co0.15Al0.05O2 -based  cathodes  were  investigated.  The  active  material  was 
mixed  with  a  PVDF-binder  and  two  conductive  additives  in  different  ratios.  The  electrode  thickness,  the 
degree  of  compacting  and  the  conductive  agent  type  and  mixing  ratio  have  proven  to  have  a  strong  impact 
on  the  electrochemical  performances  of  the  composite  electrodes,  especially  on  their  behaviour  at  high 
C-rates.  Further  it  has  been  shown  that  the  compacting  has  an  essential  influence  on  the  mechanical 
properties  of  NCA  coatings,  according  to  their  total,  ductile  and  elastic  deformation  behaviour. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Layered  oxides  such  as  LiNi02  and  LiCo02  were  discovered  more 
than  20  years  ago  and  intensively  investigated  as  possible  cathode 
materials  for  electrochemical  power  sources  [1].  LiCo02  exhibits 
good  electrochemical  properties  and  is  therefore  still  used  as  cath¬ 
ode  material  in  most  of  the  commercial  lithium-ion  cells.  LiNi02  has 
the  advantages  of  being  less  expensive  and  less  toxic  than  LiCo02, 
but  it  suffers  from  difficulties  in  the  synthesis,  irreversible  phase 
transitions  during  cycling,  and  the  so-called  Jahn-Teller  distortion. 
Another  important  issue  is  the  relative  low  thermal  stability  of 
LiNi02  which  can  cause  safety  problems  in  the  delithiated  state. 
All  these  make  LiNi02  as  undesirable  cathode  material  for  Li-ion 
cells.  To  overcome  these  shortcomings  of  LiNi02,  partial  cobalt- 
substitution  has  been  identified  as  a  solution  [2].  Sanyo  published 
2002  a  report  in  which  the  thermal  behaviour  of  a  mixed  Ni/Co 
material  LiNi0.7Coo.302  was  successfully  simulated  for  the  design 
of  2  Wh-class  cells  for  load  levelling  systems  [3]. 

In  order  to  improve  several  properties  of  the  layered  oxide  cath¬ 
ode  materials  (e.g.  safety,  cycleability,  toxicity,  cost)  many  doping 
metallic  ions  have  been  investigated  in  the  last  decade.  Among 
these,  aluminium  was  found  as  a  candidate  for  improving  safety 
characteristics  and  cycleability  compared  to  the  pure  LiNi02  cath¬ 
ode  material  [4-6]. 
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In  comparison  to  the  efforts  concentrated  in  finding  new,  better¬ 
performing  cathode  materials  for  Li-ion  batteries,  the  literature  on 
electrode  preparation  is  scarce.  Most  of  the  publications  focusing 
on  the  design  and  manufacturing  of  electrodes  are  patents  [7,8]. 
Typically,  a  mixture  used  for  electrode  preparation  contains  as 
ingredients  active  material,  carbon  black  for  ensuring  the  electrical 
conductivity,  a  binder  (mostly  polyvinylidene  fluoride  —  PVDF)  for 
holding  the  powder  in  a  mechanically  stable  layer  and  a  solvent  for 
adjusting  the  slurry  viscosity. 

Generally,  the  electrode  manufacturing  for  high  power/high 
energy  Li-ion  batteries  requires  precision  and  accuracy  and  bases 
on  a  complex  process  chain  with  numerous  influencing  factors.  The 
most  important  processing  steps  are:  the  selection  and,  if  neces¬ 
sary,  the  pre-treatment  (e.g.  drying,  milling,  etc.)  of  the  ingredients, 
the  mixing  ratio  and  sequence  (recipe),  the  dispersion,  the  coating 
onto  the  current  collector,  the  consequent  drying,  and  calandering. 
In  addition  to  these  operating  parameters  the  particle  morphol¬ 
ogy  of  the  raw  materials,  the  slurry  homogeneity,  the  electrode 
thickness  as  well  as  the  mechanical  stability  and  porosity  of  the 
electrode  composite  have  also  proven  to  exhibit  a  strong  influence 
on  the  electrochemical  performance  of  the  electrodes.  Therefore, 
a  proper  design  of  the  electrodes  can  greatly  improve  the  energy 
density,  or  power  density,  as  well  as  the  cycleability,  which  are 
important  characteristics  in  Li-ion  batteries.  Manabu  et  al.  [9]  pro¬ 
posed  that  a  positive  electrode  for  Li-ion  batteries  should  have  a 
thickness  between  80  and  250  p,m  in  order  to  achieve  high  capac¬ 
ity,  high  energy  density  and  long-term  cycleability.  Furthermore, 
the  output  density  can  be  improved  without  affecting  the  energy 
density  by  applying  two  layers  of  active  material  having  different 
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porosities  onto  the  current  collector  according  to  Yuji  et  al.  [  1 0].  The 
porosity  of  the  active  material  layer  at  the  current  collector  side  is 
proposed  to  be  between  30%  and  50%,  and  at  the  separator  side 
between  50%  and  60%.  The  effect  of  mixing  sequence  of  the  starting 
materials  on  the  characteristics  of  the  final  product  -  i.e.  the  elec¬ 
trode  -  as  well  as  the  dispersion  were  reported  by  Kim  et  al.  [  1 1  ]  and 
Terashita  et  al.  [12].  Kim  et  al.  achieved  an  excellent  cycling  stabil¬ 
ity  of  the  electrodes  by  pre-mixing  the  active  material  powder  with 
the  conductive  agent  before  adding  the  binder  solution  and  solvent, 
while  Terashita  et  al.  reached  a  higher  energy  density  by  adding  a 
thickening  agent  in  the  dispersion.  Improved  electrode  characteris¬ 
tics  were  obtained  also  by  applying  high  energy  mechanical  milling 
as  shown  in  other  two  studies  [13,14].  It  has  been  also  reported 
that  the  particle  size  of  the  conductive  agent  (e.g.  carbon  black, 
graphite)  plays  an  important  role  in  the  performance  of  the  Li-ion 
cells  [15]. 

In  the  present  work,  we  have  systematically  examined  in  labo¬ 
ratory  scale  some  significant  parameters  during  the  preparation 
of  LiNi0.8Coo.i5Alo.o502-based  cathodes.  Electrode  thickness,  the 
degree  of  compacting  and  the  conductive  additive  type  have  proven 
to  have  a  strong  impact  on  the  electrochemical  performances  of  the 
composite  electrodes,  especially  on  their  rate  capability. 

2.  Experimental 

2.1.  Electrode  preparation 

The  composite  positive  electrodes  consisted  of 
LiNio.8Coo.15Alo.05O2  (NCA  from  Toda;  D50  =  9.7|jim)  as  active 
material,  conductive  additives  and  polyvinylidene  fluoride  binder 
(PVDF  from  Solvay  Solexis)  in  the  weight  ratio  84:8:8.  Carbon 
black  (Super  P,  Timcal)  and  graphite  (SFG6,  Timcal)  mixed  in 
different  ratios  were  used  as  conductive  agents.  Super  P  and 
graphite  were  chosen  as  two  of  the  most  used  conductive  agents 
for  Li-ion  batteries  electrodes.  N-methylpyrrolidone  (NMP,  from 
Sigma-Aldrich)  was  used  for  preparing  the  binder  solutions.  For 
the  electrode  preparation,  the  conductive  agents  were  first  mixed 
in  the  binder  solution  under  strong  stirring  to  reduce  agglomer¬ 
ations.  The  active  material  was  added  only  after  the  conductive 
agents  were  homogeneously  dispersed  in  the  binder  solution.  The 
slurry  was  further  smoothly  stirred,  while  keeping  the  viscosity 
under  control.  The  resulting  slurry  was  coated  onto  aluminium 
foil  (22  [Jim  thickness)  using  the  doctor-blade  technique  and  then 
dried  at  80  °C  to  evaporate  NMP.  The  film  was  after  that  dried 
overnight  at  120°C  under  vacuum  to  evaporate  solvent  and  water 
residues  in  the  composite  electrode. 

The  wet  thickness  of  the  electrodes  was  varied  between  1 50  |xm 
and  350  p,m  in  order  to  explore  the  effect  on  the  electrochemical 
performance  of  the  electrode.  In  addition,  the  applied  pressure  on 
the  12  mm  diameter  electrode  was  investigated  as  well. 

2.2.  Electrode  characterization 

The  slurry  viscosity  was  controlled  by  using  a  digital  rheometer 
(Brookfield,  model  DV-III).  Scanning  electron  microscopy  (SEM)  - 
normal  and  cross-section  -  was  used  as  a  powerful  tool  to  investi¬ 
gate  the  morphology  of  the  electrodes.  The  mechanical  properties 
of  the  electrodes  such  as  adhesion  of  the  coating  to  the  current  col¬ 
lector  as  well  as  the  deformation  energy  have  been  investigated 
by  a  tape  test  and  by  nano-indentation  (Triboindenter,  Hysitron), 
respectively.  For  nano-indentation  measurements  a  flat-ended  tip 
with  a  diameter  of  50  [xm  was  used  for  load  controlled  measure¬ 
ments.  The  electrochemical  characterization  was  carried  out  in 
three-electrodes  cells,  assembled  under  inert  gas  atmosphere  in 
an  argon-filled  glove  box  (MBraun).  Lithium  metal  was  used  as 


reference  and  counter  electrode.  Glass  microfiber  (Whatmann, 
GF/A)  was  used  as  separator.  The  electrolyte  consisted  of  1  M  LiPF6 
in  EC:DMC  (1:1  by  wt.,  from  UBE,  Japan).  All  measurements  were 
carried  out  at  room  temperature  using  a  VMP  multi-channel  poten- 
tiostat/galvanostat  (Bio-logic  Science  Instruments),  provided  with 
an  EC-Lab®  software,  and  a  galvanostatic  device  (BEATE)  using  a 
Basytec-type  software.  The  electrochemical  technique  used  in  this 
work  was  galvanostatic  cycling  with  potential  limitation.  The  cut¬ 
off  potentials  were  set  at  4.2  and  3.0  V,  respectively.  All  potentials 
are  quoted  here  versus  Li/Li+. 


3.  Results  and  discussion 

The  effect  of  three  different  factors  on  the  electrochemical 
performance  of  the  electrodes  has  been  investigated:  (i)  coating 
thickness;  (ii)  degree  of  compacting  and  (iii)  conductive  agent  type. 
These  three  factors  are  considered  from  the  authors  as  some  of  the 
most  relevant,  having  a  significant  influence  especially  on  the  rate 
capability  of  the  electrodes.  The  observed  effects  can  be  interpreted 
by  means  of  the  electronic  and  ionic  conductivity  within  the  whole 
system.  In  both  cases  one  has  to  distinguish  between  material  and 
composite  electrode  effects. 

For  the  electronic  conductivity  one  has  to  take  into  account 
three  main  parameters:  the  conductivity  in  the  primary  crystal¬ 
lites  of  the  active  material  forming  the  grains,  the  electronic  contact 
within  the  grains  (active  mass-active  mass)  and  the  electronic  con¬ 
tact  within  the  electrode  composite  (active  mass-carbon,  active 
mass-aluminium  foil,  carbon-aluminium  foil,  etc.).  The  latter  can 
be  controlled  by  a  proper  electrode  design. 

Lithium  ion  diffusion  is  influenced  by  crystallite  (diffusion 
coefficient)  and  grain  parameters  (grain  porosity)  as  well.  In  the 
electrode  composite  the  ion  diffusion  is  governed  mostly  by  the 
pore  distribution  which  controls  the  electrolyte  access  to  the  active 
material. 


3. 1 .  Wet  coating  thickness 

Slurries  containing  84  wt.%  NCA,  4  wt.%  Super  P,  4  wt.%  graphite 
(SFG6)  and  8  wt.%  PVDF-binder  have  been  prepared  and  coated 
onto  aluminium  foil  using  different  thicknesses  between  150  and 
350  [xm  (the  thickness  is  referred  to  the  wet  film).  The  electrodes 
were  after  that  dried  over  night  at  80  °C  and  then  compacted  by 
using  a  controlled  pressure  of  694  MPa.  The  cross-section  SEM 
micrographs  of  the  compacted  electrodes  are  shown  in  Fig.  1.  The 
on-aluminium-coated  layers  are  quite  smooth  and  homogeneous. 
As  expected,  the  electrode  loading  density  has  been  improved  by 
increasing  the  thickness. 

The  correlation  between  the  thicknesses  of  the  wet  and  dry  lay¬ 
ers,  respectively  and  the  loading  density  of  the  non-compacted 
electrodes  is  depicted  in  Fig.  2.  One  can  observe  an  almost  linear  cor¬ 
relation  wet  layer  thickness-loading  density  which  could  be  very 
helpful  in  tailoring  electrodes  for  Li-ion  batteries  with  the  appro¬ 
priate  properties  for  the  required  applications.  In  order  to  obtain 
a  reasonable  loading  density  as  well  as  homogeneity  of  the  elec¬ 
trodes  a  thickness  of  150  [Jim  (wet  layer)  should  be  considered  as 
the  lowest  limit. 

Furthermore,  the  surface  porosity  of  the  electrodes  at  different 
thicknesses  has  been  investigated  by  analyzing  the  SEM  images 
with  the  ImageJ  (National  Institutes  of  Health,  United  States)  soft¬ 
ware  [16].  A  commonly  used  relationship  between  the  surface 
porosity  and  the  electrode  thickness  is  given  by  the  Athy’s  equation 
[17]: 

<p(z)  =  4>0e~kz 


(1) 
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Fig.  1.  Cross-section  SEM  images  of  compacted  NCA-electrodes.  The  thickness  of  the  wet  film  has  been  varied  between  150  and  350  (Jim. 
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Fig.  3  shows  two  SEM  images  of  an  electrode  (250  pm,  wet)  at 
different  magnitudes.  Differences  in  pores  analysis  can  be  observed. 
Therefore,  the  total  surface  porosity  0O  has  been  evaluated  by  the 
sum  of  the  surface  porosity  at  each  magnitude  using  following  for¬ 
mula: 

&>  =  „  y^ir  +  +  •  •  • 

n=l  m= 1 

with  the  image  resolution  nT  (n  =  1 , . . .,  N). 

The  correlation  between  the  surface  porosity  of  the  electrodes 
and  the  layer  thickness  is  shown  in  Fig.  4:  the  higher  the  electrode 
thickness;  the  lower  the  surface  porosity. 

Moreover,  the  compression  coefficient  G  for  different  wet  elec¬ 
trodes  thicknesses  has  been  calculated  as  well  by  using  following 
consideration: 


Fig.  2.  Correlation  wet/dried  layer  thickness  -  loading  density  of  the  non-compacted 
electrodes. 


C  V  AP 

g  =  v°av 


(4) 


with  the  surface  porosity  0O>  the  electrode  thickness  z  (pun)  and 
the  uniaxial  compaction  coefficient  k  (pan-1 ).  In  the  present  study 
k  is  defined  as: 

k  =  wzCex p  (2) 

where  ds  is  the  strain,  dez  is  the  variation  caused  by  stress  (see 
Fig.  3a)  and  Cexp  is  a  correction  factor  calculated  by  the  experimen¬ 
tal  evidence  (Cexp  =  10-15). 


where  Vo  is  the  electrode  volume  at  the  beginning,  AV=Vq  -V  is 
the  electrode  volume  change  after  pressing  and  AP  is  the  variation 
of  pressure  (694  MPa)  (see  Table  1).  After  250  pan  (wet  thickness) 
a  constant  compression  coefficient  has  been  observed.  This  indi¬ 
cates  that  the  electrodes  thicker  than  250  p,m  (wet)  will  supposably 
experience  similar  electrochemical  performance  at  high  C-rates. 

The  influence  of  the  electrode  thickness  on  the  rate  capability 
has  been  studied  as  well.  Fig.  5  shows  the  discharge  capacities  of  the 
Li/NCA  cells  at  different  C-rates  between  C/5  and  5C.  At  relatively 


Fig.  3.  SEM  images  of  an  250  |xm  thick  electrode  with  two  different  magnitudes.  The  pores  are  displayed  in  red.  (For  interpretation  of  the  references  to  colour  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 
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Fig.  4.  (a)  Schematic  view  of  an  electrode  and  (b)  porosity  as  a  function  of  depth  obtained  from  Athy’s  equation  for  different  electrodes  with  a  different  wet  thickness.  The 
pressure  exert  on  the  electrode  is  the  same:  694  MPa. 


Table  1 

Compaction  (/<)  and  compression  coefficients  calculated  for  the  different  values  of 
wet  electrodes  thickness. 


Wet  thickness  [p.m] 

Dry  and  pressed  thickness  [p,m] 

G  [GPa] 

k  [parr1] 

150 

36 

2.4(5) 

0.175 

200 

48 

3.4(5) 

0.142 

250 

55 

3.0(5) 

0.090 

300 

66 

3.3(5) 

0.072 

350 

74 

3.3(5) 

0.056 

Electrodes  for  Li-ion  batteries  used  for  consumer  applications 
should  have  a  thickness  of  at  least  80  jxm  in  the  dried  state  [9]. 
As  Fig.  5b  shows,  NCA  electrodes  thicker  than  55  p,m  show  a  very 
poor  rate  capability  which  makes  them  not  suitable  for  high  power 
applications.  In  order  to  improve  their  electrochemical  behaviour 
electrode  compacting  and/or  using  different  conductive  agents  in 
different  ratios  have  been  investigated. 

3.2.  Compacting  of  the  electrodes 


low  current  densities  no  significant  differences  between  the  NCA 
electrodes  with  different  loadings  have  been  observed. 

On  contrary,  at  higher  C-rates  electrodes  with  lower  loading 
deliver  significantly  more  capacity  than  those  with  higher  load¬ 
ing.  The  poor  rate  capability  of  the  latter  can  be  explained  by  the 
longer  electron  transport  paths  within  the  electrode.  This  results 
in  a  higher  number  of  contact  resistance  points  leading  to  a  higher 
overall  electronic  resistance.  For  very  high  C-rates  electrolyte  dif¬ 
fusion  may  become  significant  and  lithium  exhaustion  can  be  the 
rate  limiting  factor. 

An  abrupt  decrease  in  the  electrochemical  performances  of  the 
electrodes  between  150  and  200  |xm  can  be  very  well  observed. 
Electrodes  with  a  wet  thickness  between  250  and  350  |xm  show 
similar  discharge  capacities  at  C-rates  as  high  as  5C,  which  is  in 
agreement  with  the  result  from  the  surface  porosity  analysis. 
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Fig.  5.  Electrochemical  performance  of  different  thick  NCA  electrodes.  The  cut-off 
potentials  were  4.2  and  3.0  V  and  the  charge/discharge  rates  varied  between  C/5  and 
5C. 


Electrodes  with  250  pan  thickness  (wet  film)  were  chosen  for 
evaluating  the  influence  of  compacting  on  both  thickness  and  elec¬ 
trochemical  performance.  At  first  the  impact  of  compression  on  the 
mechanical  properties  of  electrode  coatings  has  been  investigated 
by  comparing  ductile,  elastic  and  total  deformation  energies  of  a 
non-compacted  and  a  compacted  electrode  using  nano-indentation 
technique  [18].  A  compaction  degree  of  10%  (related  to  the  dry 
electrode  composite  thickness  including  current  collector)  has 
been  analysed  in  comparison  to  the  non-compacted  type  of  the 
same  batch.  Each  analysis  is  based  on  25  single  indentation  mea¬ 
surements  applied  in  a  regular  pattern  on  the  electrode.  Table  2 
summarizes  the  average  values  and  their  standard  deviation. 

The  values  in  Table  2  clearly  illustrate  the  change  in  the  mechan¬ 
ical  properties  induced  by  compacting.  First  of  all  the  standard 
deviation  of  every  parameter  of  the  non-compacted  electrodes  far 
exceeds  the  standard  deviation  of  the  compacted  electrode.  This 
means  the  coating  becomes  homogeneous  according  to  its  plas¬ 
tic  and  elastic  deformation  behaviour.  Moreover,  compaction  of 
electrodes  reduces  the  extent  of  plastic  deformation  significantly. 
A  reduction  of  about  11.5  times  compared  to  the  non-compacted 
electrode  was  achieved,  while  the  elastic  properties  of  the  coat¬ 
ing  almost  remain  constant  after  compaction.  A  change  of  only 
1.35  times  can  be  observed.  Thus,  the  change  in  total  deformation 
energy  can  be  attributed  to  the  minimization  of  plastic  deforma¬ 
tions.  This  behaviour  is  well  summarized  by  the  ratio  of  plastic  to 
elastic  deformation  shown  in  Table  2.  Plastic  deformations  are  irre¬ 
versible  and  denote  a  permanent  loss  of  contact  between  the  active 
material  particles,  whereas  elastic  deformations  are  reversible  and 
therefore  important  for  a  good  cycle  stability.  Thus  electrode  com¬ 
paction  promotes  homogeneous  and  elastic  film  properties,  which 
are  essential  for  good  cycle  stability  and  high  rate  capabilities. 

In  order  to  quantitatively  evaluate  the  effect  of  compaction 
on  the  electrochemical  electrode  properties  dried  electrodes  were 
compacted  using  a  hydraulic  press  by  applying  different  pressures 
between  0  and  867  MPa.  The  SEM  micrographs  of  the  electrodes 


280 


H.Y.  Tran  et  al.  /  Journal  of  Power  Sources  210  (2012)  276-285 


Table  2 

Deformation  energies  and  related  mechanical  properties  of  compacted  and  non-compacted  NCA  electrodes. 


Total  deformation 
energy  [pj] 

Plastic  deformation 
energy  [pj] 

Elastic  deformation 
energy  [pj] 

Ratio  ductile/ 
elastic 

Indentation 
depth  [nm] 

Maximum  indentation 
force  [|jlN] 

Non-compacted  electrode  (250  |mm  wet  film) 

Average  4821 

4043 

778 

5.16 

1670 

7999 

Standard  deviation  2665 

2445 

346 

2.65 

948 

0.41 

Compacted  electrode  (250  p,m  wet  film) 

Average  926 

351 

574 

0.60 

372 

7999 

Standard  deviation  175 

147 

37 

0.23 

107 

0.37 

Fig.  6.  Cross-section  SEM  images  of  an  electrode  layer  compacted  at  different  pressures.  The  layer  composition  was:  84wt.%  NCA,  4wt.%  Super  P,  4wt.%  SFG6  and  8wt.% 
PVdF-binder. 


are  depicted  in  Fig.  6.  Compression  increased  significantly  both 
the  electrode  density  and  the  adhesion  to  the  aluminium  current 
collector.  At  the  same  time  the  electrode  thickness  decreased  (see 
Fig.  7a).  Similar  results  were  observed  when  compressing  negative 
electrodes  [19,20]. 

Non-compacted  electrodes  show  a  poor  adhesion  to  the  alu¬ 
minium  foil  and  relatively  low  density.  When  applying  347  MPa  or 
more  the  electrodes  gained  in  density  and  showed  a  slightly  bet¬ 
ter  adhesion  to  the  current  collector.  The  tape  test  confirmed  these 
results.  However,  above  694  MPa  a  certain  penetration  of  the  elec¬ 
trode  mass  into  the  foil  can  be  observed.  In  general  this  improves 
the  electronic  contact  between  electrode  and  aluminium  current 
collector  and  have  a  beneficial  influence  by  minimising  the  resis¬ 
tance  [21].  However,  the  mechanical  stress  at  the  contact  points 
may  enhance  the  sensitivity  of  the  aluminium  foil  to  corrosion.  This 
might  become  a  problem  if  cycling  for  a  long  time.  At  too  high  pres¬ 
sures  a  deterioration  of  the  grain  architecture  of  the  active  mass 
may  occur  with  a  possible  disconnection  of  the  crystallites.  Further 
experiments  are  required  in  order  to  prove  this. 

Fig.  7a  shows  the  correlation  between  the  layer  thickness  and 
the  applied  pressure.  A  steep  decrease  in  the  electrode  thickness  of 
about  20  [Jim  can  be  seen  when  applying  a  pressure  of  347  MPa,  in 
comparison  to  the  non-compacted  electrodes.  A  further  decrease 
takes  place  at  higher  pressures,  although  less  significant  -  the  dif¬ 
ference  between  347  MPa  and  867  MPa  is  not  more  than  10  [xm. 

The  influence  of  the  applied  pressure  onto  both  cycle  stability  at 
a  relatively  low  current  (C/5)  and  rate  capability  is  demonstrated 
in  Fig.  7b  and  c.  The  cycleability  of  the  NCA  electrodes  seems  not 
to  depend  on  the  compacting  pressure.  However,  the  non-pressed 
electrodes  and  those  pressed  at  less  than  520  MPa  deliver  less 
capacity  than  the  other  (ca.  6%  less).  On  contrary,  the  rate  capability 


improves  considerably  for  the  compacted  electrodes  in  compari¬ 
son  to  the  untreated  ones.  The  non-compacted  electrodes  show  a 
drastically  drop  in  the  capacity  at  C-rates  as  high  as  1C  and  deliver 
no  capacity  at  C-rates  higher  than  2C.  In  the  case  of  the  com¬ 
pacted  electrodes,  the  applied  pressure  improves  both  the  contact 
between  the  particles  of  active  material  and  between  the  elec¬ 
trode  and  current  collector.  This  improves  the  overall  electronic 
conductivity  of  the  electrode  and  leads  to  a  better  high-current 
capability.  When  cycling  again  at  relative  low  currents  -  i.e.  C/5 
(see  cycles  51-60  in  Fig.  7c),  the  non-compacted  and  the  electrodes 
compacted  at  347  MPa  show  a  pronounced  capacity  fading  in  com¬ 
parison  to  the  capacity  in  the  first  1 0  cycles.  This  can  be  due  to  a  poor 
contact  electrode/current  collector,  which  could  get  worse  during 
cycling. 

Electrodes  compacted  at  pressures  between  520  MPa  and 
867  MPa  show  no  significant  differences  in  their  electrochemical 
behaviour  -  i.e.  the  discharge  capacities  have  similar  values  -  even 
though  their  thicknesses  decreased  from  45  |xm  to  about  38  [xm. 
However  at  pressures  higher  than  694  MPa  the  oxide  particles  can 
suffer  certain  damages  as  well  as  the  aluminium  collector.  This 
can  be  very  well  seen  in  Fig.  6  and  it  has  been  explained  above. 
Another  problem  which  can  occur  is  a  decrease  in  the  porosity 
of  the  electrodes.  This  can  negatively  influence  the  ion  transport 
through  the  electrode  and  thus  the  electrochemical  performances 
[22].  As  illustrated  above,  a  certain  degree  of  compaction  is  essen¬ 
tial  to  compensate  induced  mechanical  stresses  during  cycling  in 
order  to  reach  good  cycle  stability  and  high  rate  capabilities.  The 
authors  suggest  an  optimum  of  520-694  MPa.  Thereby  the  prob¬ 
lems  of  possible  deterioration  of  the  oxide  particles  and/or  of  the 
current  collector,  with  their  potential  impact  on  the  electrochemi¬ 
cal  performance  of  the  electrodes,  can  be  as  well  avoided. 
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Fig.  7.  (a)  Variation  of  the  layer  thickness  for  an  NCA  electrode  layer  with  the  com¬ 
pacting  pressure.  The  layer  had  an  initial  thickness  of  250  pm  (wet);  (b)  cycling 
stability  at  C/5  and  (c)  rate  performance  of  the  NCA-electrodes  compacted  at  dif¬ 
ferent  pressures.  Layer  composition  was  the  same  as  for  the  electrodes  depicted  in 
Fig.  6. 


3.3.  Effect  of  the  conductive  additive  type  and  mixing  ratio  on  the 
dispersing  behaviour  and  on  the  electrochemical  performance  of 
the  electrodes 

To  illustrate  the  effect  of  the  conductive  agents  on  the  dispers¬ 
ing  behaviour  of  the  slurry  and  on  the  electrochemical  performance 
of  the  electrodes,  the  two  different  conductive  agents  (Super  P  and 


Table  3 

Composite  slurries  with  different  contents  of  conductive  agents. 


Slurry  1 

Slurry  2 

!  Slurry  3 

Slurry  4 

Slurry  5 

NCA  [wt.%] 

84 

84 

84 

84 

84 

Super  P  [wt.%] 

0 

2 

4 

6 

8 

SFG6  [wt.%] 

8 

6 

4 

2 

0 

PVdF  [wt.%] 

8 

8 

8 

8 

8 

Table  4 

Different  parameters  obtained  from  the  analysis:  N  is  the  number  of  pores  analysed. 
fi,  cr  and  ft  are  the  expected  size  value  for  a  circular  pore,  its  variance  and  skewness 
respectively  obtained  fitting  the  pore  size  distribution  with  a  lognormal  function 
[3].  0o  is  the  surface  porosity  obtained  by  SEM  images  analysis  and  k  is  the  uniaxial 

compaction  coefficient. 

Active  materials 

N 

/x  [pan] 

a  [pm] 

00 

k  [pm"1] 

0%SupP,  8%SFG6 

- 

- 

- 

- 

0.000 

0.220 

2%SupP,  6%SFG6 

1791 

0.4(1) 

0.1(1) 

0.0 

0.003 

0.220 

4%SupP,  4%SFG6 

2341 

0.5(1) 

0.1(1) 

2.1(3) 

0.009 

0.240 

6%SupP,  2%SFG6 

3918 

0.5(1) 

0.1(1) 

2.1(3) 

0.017 

0.086 

8%SupP,  0%SFG6 

7780 

0.5(1) 

0.1(1) 

2.2(3) 

0.021 

0.108 

graphite)  were  mixed  in  different  ratios,  while  the  active  mate¬ 
rial  and  binder  contents  were  maintained  constant  at  84wt.%  and 
8wt.%,  respectively  (see  Table  3  for  the  exact  composition  of  the 
mixtures). 

Fig.  8  shows  SEM  micrographs  as  well  as  the  surface  porosity 
of  composite  electrodes  containing  Super  P  and  SFG6  in  different 
ratios.  There  is  a  direct  correlation  between  the  amount  of  Super 
P  and  the  homogeneity  of  the  electrodes:  the  higher  the  amount 
of  Super  P,  the  better  the  homogeneity.  This  could  be  due  to  the 
morphology  of  carbon  black,  with  small  particles  having  a  diameter 
of  40  nm  which  can  distribute  better  between  the  active  material 
particles.  The  graphite  particles  are  much  bigger  (D50  =  3.5[xm) 
and  have  a  flake-like  shape.  Therefore  they  cannot  be  so  homoge¬ 
neously  dispersed  into  the  composite  electrode.  This  can  be  very 
well  seen  in  the  SEM  image  in  Fig.  8a,  showing  an  electrode  con¬ 
taining  only  graphite  as  conductive  agent.  Only  some  NCA  particles 
can  be  observed,  most  of  them  are  covered  by  graphite  flakes. 
Fig.  8c  shows  electrodes  containing  Super  P  and  graphite  in  a  1:1 
ratio,  and  Fig.  8e  electrodes  with  Super  P  as  the  unique  conductive 
agent.  The  Super  P  particles  are  better  distributed  in  comparison 
to  the  graphite  flakes  and  can  therefore  ensure  a  better  electrical 
contact  between  the  oxide  particles.  Increasing  amount  of  Super 
P  enhances  at  the  same  time  gradually  the  surface  porosity  of  the 
composite  electrodes  up  to  0.021  for  the  pure  Super  P  electrode 
(see  Fig.  8). 

By  looking  at  the  3D  images  of  the  electrode  with  Super  P  as 
the  unique  conductive  agent  one  can  see  significant  cracks  on  the 
electrode  surface  (Fig.  9),  which  could  influence  the  lifetime  of  the 
electrode. 

In  addition,  the  volumetric  porosity  trend  for  the  electrodes  with 
different  ratios  of  Super  P  and  graphite  are  performed  in  Fig.  10  by 
using  following  formula  [23]: 


<p= 


Wwet  —  Wdry  1 
P  ^tot 


(5) 


where  wwe t  and  wdry  are  the  electrode  weight  before  and  after 
wetting,  p  is  the  density  of  the  electrolyte  used  for  wetting  the  elec¬ 
trodes  (0.28  g  cm-3 )  and  Vtot  is  the  total  electrode  material  volume. 
The  experiment  was  performed  in  the  glove  box  at  low  pressure 
(1-3  mbar).  The  exact  values  can  be  taken  from  Table  4.  It  shows 
that  the  reachable  depth  for  the  electrolyte  in  the  electrode  com¬ 
posite  increases  with  increasing  the  Super  P  content.  Thus,  a  better 
electrochemical  performance  at  high  C-rates  can  be  expected. 

The  electrodes  were  then  tested  regarding  their  electrochem¬ 
ical  performances.  Fig.  11a  depicts  the  cycling  stability  at  C/5. 
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Fig.  8.  On  left  side:  SEM  images  of  the  electrodes  with  different  amounts  of  conductive  agents;  the  images  in  the  center  and  left  side  represent  the  pores  (white  spots)  and 
the  active  material  (black  spots)  obtained  from  the  images  analysis,  respectively.  The  insets  (j) o  illustrate  the  surface  porosity  values  obtained  from  images  analysis  while  Pam 
is  the  percentage  of  active  material  area  in  the  image. 


Fig.  lib  shows  the  discharge  capacities  obtained  when  charging 
at  C/5  and  discharging  at  different  currents  between  C/5  and  5C. 
The  electrodes  containing  graphite  as  the  only  conductive  agent 
showed  at  C/5-rates  a  discharge  capacity  of  only  lOOmAhg-1, 
which  is  about  63%  from  the  capacity  delivered  by  the  other  three 
kinds  of  electrodes.  Graphite  alone  seems  not  to  be  able  to  ensure 


a  good  contact  between  the  particles.  All  the  electrodes  contain¬ 
ing  Super  P  as  conductive  agent,  alone  or  as  mixed  with  graphite, 
deliver  a  relatively  high  discharge  capacity  of  about  160mAhg-1. 
The  cycling  stability  of  the  electrodes  containing  4wt.%  or  more 
Super  P  is  considerably  higher  than  that  of  the  electrodes  with 
less  or  no  Super  P.  A  content  of  carbon  black  between  4  and  8  wt.% 


$  (arb.  units) 
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Fig.  9.  3D  images  (ImageJ  program)  obtained  by  different  amount  of  conductive  material  electrodes  SEM  images. 
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Fig.  10.  Volumetric  porosity  trend  obtained  for  the  different  conductive  material 
amounts.  The  arrows  show  the  thickness  values  of  the  electrodes  obtained  after 
pressing  (694  MPa). 


2%  SuperP,  6%SFG6  + 
4%  SuperP,  4%SFG6 
6%  Super P,  2%SFG6  * 

8%  SuperP,  0%SFG6  □ 

I 

h 


Table  5 

Capacity  retention  at  different  Super  P  contents  in  the  electrode  mixtures. 


Mixture 

Super  P  content  [%] 

Capacity  retention  (versus 
discharge  capacity  at  C/5)  [%] 

1C 

5C 

1 

0 

57 

7.5 

2 

2 

79 

14.5 

3 

4 

89 

40 

4 

6 

92 

53 

5 

8 

92 

75 

ensures  a  good  homogeneity  of  the  electrodes  which  can  be  con¬ 
sidered  responsible  for  the  improved  cycleability. 

The  effect  of  Super  P  becomes  even  more  significant  when 
cycling  the  electrodes  at  C- rates  higher  than  1C.  The  discharge 
capacities  are  depicted  in  Fig.  lib.  Electrodes  with  no/only  2  wt.% 
Super  P  deliver  almost  no  capacity  at  currents  as  high  as  5C.  NCA 
electrodes  containing  Super  P  as  unique  conductive  agent  show  an 
excellent  rate  capability,  with  discharge  capacities  at  5C  as  high 
as  120mAhg-1.  This  corresponds  to  capacity  retentions  of  75%  if 
taking  the  discharge  capacity  at  C/5  as  reference  (see  Table  5). 

However  the  electrodes  containing  more  than  4  wt.%  Super  P 
suffer  from  a  lower  energy  density  when  compared  to  the  other 
electrodes.  In  spite  of  their  excellent  electrochemical  performances 
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Fig.  11.  Characterization  of  the  NCA  composite  electrodes  with  Super  P  and  graphite 
in  different  ratios:  (a)  cycling  stability  at  C/ 5-rate  and  (b)  rate  capability:  charge  C/5, 
discharge  C/5,  C,  5C  and  back  to  C/5. 


and  show  poor  electrochemical  performances.  Even  at  relatively 
low  C-rates  -  i.e.  C/5  -  they  are  able  to  deliver  only  about  63%  of 
the  capacity  of  the  electrodes  containing  Super  P. 

However,  the  higher  the  Super  P  amount,  the  lower  the  energy 
density  of  the  electrodes.  In  spite  of  their  excellent  electrochemical 
performances  especially  at  C-rates  as  high  as  5C,  the  electrodes  with 
a  high  amount  of  Super  P  might  need  further  improvements  in  order 
to  become  suitable  for  high  energy  applications. 

Different  wet  thicknesses  (resulting  also  in  different  loadings 
of  the  electrodes)  and  degree  of  compacting  have  been  found 
as  further  significant  parameters  influencing  the  electrochemical 
behaviour. 

As  expected,  the  electrode  loading  density  has  been  improved 
by  increasing  the  thickness.  At  relatively  low  current  densities  no 
significant  differences  between  the  NCA  electrodes  with  different 
loadings  have  been  observed. 

On  contrary,  at  higher  C-rates  electrodes  with  lower  loading 
deliver  significantly  more  capacity  than  those  with  higher  load¬ 
ing.  The  lower  rate  capability  of  the  latter  can  be  explained  by  the 
longer  electron  transport  paths  within  the  electrode.  This  results 
in  a  higher  number  of  contact  resistance  points  leading  to  a  higher 
overall  electronic  resistance.  For  very  high  C-rates  electrolyte  dif¬ 
fusion  may  become  significant  and  lithium  exhaustion  can  be  the 
rate  limiting  factor. 

Compacting  has  been  proven  to  be  an  efficient  and  relatively 
easy  method  for  improving  the  electrochemical  performances  of 
the  electrodes.  By  electrode  compaction  the  adhesion  to  the  cur¬ 
rent  collector  as  well  as  the  homogeneity  of  the  coating  itself 
are  significantly  improved.  This  improves  the  overall  electronic 
conductivity  of  the  electrode  and  leads  to  a  better  high-current 
capability.  Moreover,  through  compaction  the  elastic  deformation 
becomes  predominant  against  plastic  deformation,  thus  improving 
the  cycling  stability  of  the  electrode.  However,  too  high  pressures 
can  result  in  damages  of  both  active  material  particles  and  alu¬ 
minium  current  collector.  Also,  the  porosity  of  the  electrodes  and 
thus  the  ion  transport  can  be  thereby  negatively  influenced. 

Cathode  design  has  been  demonstrated  to  be  an  important  issue 
for  enhancing  battery  performances  in  terms  of  both  energy  density 
and  electrochemistry.  There  are  still  other  parameters  interfering  in 
the  electrode  preparation  which  can  be  investigated  and  improved. 
This  could  allow  for  the  manufacturing  of  electrodes  which  can 
fulfil  the  continuously  increasing  requirements  for  different  appli¬ 
cations. 


at  high  C-rates,  electrodes  with  a  relatively  high  Super  P  content 
might  not  be  suitable  for  high  energy  applications.  An  increase  in 
the  electrode  thickness  followed  by  an  appropriate  compacting  can 
be  a  possible  solution  for  obtaining  a  higher  energy  density. 

4.  Conclusions 

Electrode  preparation  has  been  neglected  in  most  of  the  stud¬ 
ies  where  accent  has  been  put  on  finding  new,  better  performing 
electrode  materials.  The  present  work  has  demonstrated  the  signif¬ 
icant  influence  of  the  electrode  preparation  on  the  electrochemical 
performances  of  the  NCA-based  cathode  composite  electrodes. 

The  selection  of  the  conductive  additives,  as  well  as  the  mix¬ 
ing  ratio  has  been  found  to  have  a  great  impact  on  the  dispersing 
behaviour  of  the  slurry  and  thus  on  the  homogeneity  of  the  elec¬ 
trodes.  Super  P  and  synthetic  graphite  were  chosen  for  this  study, 
since  they  are  two  of  the  most  used  conductive  additives  for  Li-ion 
batteries  electrodes.  The  rate  capability  of  the  NCA  electrodes  has 
been  pronouncedly  improved  by  the  addition  of  Super  P.  Electrodes 
containing  only  Super  P  as  conductive  agent  deliver  the  best  capac¬ 
ity  values  -  i.e.  the  capacity  retention  at  5C  was  75%.  Electrodes  with 
graphite  as  the  unique  conductive  additive  are  less  homogeneous 
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